Our aim was to investigate whether neonatal LPS challenge may improve hormonal, cardiovascular response and mortality, this being a beneficial adaptation when adult rats are submitted to polymicrobial sepsis by cecal ligation and puncture (CLP). Fourteen days after birth, pups received an intraperitoneal injection of lipopolysaccharide (LPS; 100 μg/kg) or saline. After 8-12 weeks, they were submitted to CLP, decapitated 4, 6 or 24 h after surgery and blood was collected for vasopressin (AVP), corticosterone and nitrate measurement, while AVP contents were measured in neurohypophysis, supra-optic (SON) and paraventricular (PVN) nuclei. Moreover, rats had their mean arterial pressure (MAP) and heart rate (HR) evaluated, and mortality and bacteremia were determined at 24 h. Septic animals with neonatal LPS exposure had higher plasma AVP and corticosterone levels, and higher c-Fos expression in SON and PVN at 24 h after surgery when compared to saline treated rats. The LPS pretreated group showed increased AVP content in SON and PVN at 6 h, while we did not observe any change in neurohypophyseal AVP content. The nitrate levels were significantly reduced in plasma at 6 and 24 h after surgery, and in both hypothalamic nuclei only at 6 h. Septic animals with neonatal LPS exposure showed increase in MAP during the initial phase of sepsis, but HR was not different from the neonatal saline group. Furthermore, neonatally LPS exposed rats showed a significant decrease in mortality rate as well as in bacteremia. These data suggest that neonatal LPS challenge is able to promote beneficial effects on neuroendocrine and cardiovascular responses to polymicrobial sepsis in adulthood.
Introduction
The neonatal phase is a critical period during which the innate immune system still presents immaturity and plasticity. Furthermore, time and dose-adequate stimuli may program long-lasting alterations in immunological responses that persist until adulthood [1] [2] [3] . Children living in farming environment are known to have less respiratory allergies in adulthood, such as asthma and rhinitis, in comparison with those living in non-farming areas [4, 5] . Physical contact with farm animals during infancy also protects from sensitization to common allergens in adult life [6] . Experimentally, similarly findings were reported when using the neonatal model of lipopolysaccharide (LPS) exposure. Boissé et al. [1] observed that LPS administration to 14 days old rat pups suppressed fever development in adult animals, associated with a significant reduction in proinflammatory cytokine production [interleukin (IL)-6 and tumor necrosis factor (TNF)-α] [7, 8] . Intranasal exposure to LPS also resulted in a significant decrease in the development of allergic responses later in adult mice, inhibiting allergen-specific IgE production, airways inflammation and hyperesponsiveness and also, increased IL-10 release [9] .
Besides persistent changes in the immune system, previous studies observed that endotoxin exposure in neonatal life also altered the functioning of hypothalamic-pituitary-adrenal (HPA) axis. When neonatally LPS-treated rats reached adulthood they displayed higher basal corticosterone levels, associated with an increased number of pulses and increased pulse amplitude in comparison with neonatal saline animals [2, 3] . In addition, neonatally LPS-treated rats showed a high secretion of corticosterone in response to different types of stress, such as noise, restraint or immune challenge [3, 8, 10] . Whereas permanent changes in the HPA axis are well documented, there is no experimental data yet that demonstrate changes in the hypothalamic neurohypophyseal axis. For instance, it is not clear whether the release of arginine vasopressin (AVP) could be modified in neonatally LPS-exposed rats during systemic inflammation in adult life.
Vasopressin, which is synthesized in magnocellular neurons of the hypothalamic supraoptic (SON) and paraventricular (PVN) nuclei, plays an important role in body fluid homeostasis and in the regulation of arterial blood pressure. During clinical and experimental sepsis and endotoxemia, the AVP secretion shows a biphasic response [11] [12] [13] [14] [15] . In the initial phase of sepsis, plasma AVP levels are elevated, as an organism trying to restore blood pressure reduced by cytokines and nitric oxide (NO) synthesis and release. Nevertheless, in the late phase, when the observed hypotension should normally stimulate even further AVP secretion, their levels are basal, contributing to the evolution towards vasodilatory shock [11] [12] [13] [14] [15] [16] [17] . Hypotheses proposed to explain this deficiency in AVP secretion are impaired baroreflex sensitivity [12, 17, 18] , a depletion of neurohypophyseal hormone content [11, [17] [18] [19] and/or an overproduction of NO [13, 17, 18, 20, 21] .
AVP has been tested as adjuvant treatment for septic shock, since its vasopressor action seems to improve the cardiovascular failure. However, there are a reduced number of studies available in literature showing a beneficial or a detrimental effect of a prolonged AVP infusion [22, 23] . For this reason, evidences from experimental studies are needed, in order to understand how the AVP may contribute for the management of this pathophysiological state.
In this study, our aim was to investigate whether neonatal LPS challenge may be able to alter the AVP hypothalamic content and release, plasma corticosterone level, cardiovascular response and also, to test whether it may function as a beneficial pre-adaptation resulting in lower mortality and bacteremia in adult rats submitted to polymicrobial sepsis by cecal ligation and puncture (CLP).
Materials and methods

Animals and neonatal treatment
Pregnant Wistar rats were maintained in a ventilated and temperature controlled chamber (24 ± 1°C) on a 12:12 hour lightdark cycle (lights on at 07:00 AM), with food and tap water available ad libitum. Rats were housed in polypropylene cages and checked daily until birth of the litters. On the day of birth, considered day 0, dams and pups were left undisturbed. On postnatal day 1, the litters were culled to not more than 8-10 pups and distributed almost equally between genders.
Fourteen days after birth, the pups were removed from their mothers for a single intraperitoneal administration of LPS at a dose of 100 μg/kg (Escherichia coli serotype O111:B4; Sigma, St. Louis, MO, USA) or an equivalent volume of sterile isotonic saline. The dose and administration route were chosen because previous studies reported that it induces body temperature changes in adult rats [1, 7] . Each litter was divided between treatments (LPS or saline) and all pups were identified. On postnatal day 21, the pups were weaned and juvenile male rats were housed at 4-6 per cage until they were 8 to 12 weeks old, weighing 300-450 g.
All procedures were done in accordance with the Ethical Guidelines of the University of São Paulo, Campus of Ribeirão Preto, São Paulo, Brazil. Humane endpoints in shock research [24] were used as criterion to euthanize CLP-animals in high suffering, immediately before or soon after the studied time-points defined in this study.
Cecal ligation and puncture (CLP)
All experiments were performed at the same time of day (08:00-10:00 AM). Induction of severe sepsis was performed by a CLP model as previously described [11] [12] [13] 25] . Briefly, rats were anesthetized with a short-acting anesthetic agent (2,2,2-tribromoethanol; 250 mg/ kg i.p.; Aldrich, Milwaukee, WI, USA) in order to minimize deleterious effects of anesthesia on cardiovascular functions. Under sterile surgical conditions, the animals were submitted to a midline laparotomy. The cecum was carefully isolated to avoid damage to the blood vessels. Subsequently, the cecum was then ligated below the ileocecal valve without causing bowel obstruction and punctured ten times with a 16-gauge needle allowing fecal contents to spill into the peritoneum. The abdominal cavity was closed in two layers, and all animals received a subcutaneous injection of saline (20 mL/kg body weight). In all experiments, the "zero" time point was the moment that CLP surgery was finished and rats have returned to their respective individual cages to recover, with free access to food and water. Sham-operated animals were submitted to laparotomy, the cecum was manipulated but neither ligated nor punctured.
Radioimmunoassays for AVP and corticosterone
The AVP radioimmunoassay was performed as previously described [26] . Briefly, plasma samples (1.0 mL) were extracted using the acetone/petroleum ether method, lyophilized and stored at −70°C until analysis. Standard reagents and incubation protocols were used for the peptide assays. The buffer was Na 2 HPO 4 (0.062 M) and Na 2 EDTA (0.013 M) supplemented with 0.5% BSA, at pH 7.5. For peptide labeling,
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I was purchased from a commercial supplier (Amersham, Fairfield, CT, USA). A non-equilibrium assay was used with an incubation volume of 500 μL and an incubation time of 4 days at 4°C. Bound hormone was separated from unbound by a secondary antibody (1:20) produced in the laboratory of J. Antunes-Rodrigues and L.L.K. Elias (University of São Paulo, Ribeirão Preto), where the RIA was performed. AVP measurements were carried out with a commercial antiserum (Peninsula Laboratories, San Carlos, CA, USA) at a final dilution of 1:40,000. The antiserum is specific and shows essentially no cross-reactivity with other known peptides. The minimum detection limit was 0.9 pg/ml and the coefficients of intra-and inter-assay variation were 7% and 11%, respectively. For neurohypophysis, paraventricular and supra-optic AVP normalization, total protein was measured using the colorimetric Bradford method (BioRad Laboratories, Hercules, CA, USA).
Plasma corticosterone levels were also determined by doubleantibody specific radioimmunoassay, after extraction of 25 μL of the sample with 1 mL of ethanol, as previously described [26] . The anticorticosterone antibody was purchased from Sigma (USA) and 1,2,6,7-3 H corticosterone from GE Healthcare Life Sciences (USA).
The assay sensitivity, intra and interassay coefficients of variations were 4 μg/mL, 8% and 19%, respectively.
Microdissection of the supraoptic and paraventricular nuclei
The hypothalamus was removed en bloc, placed in a cryostat and sectioned at a thickness of 500 μm. The supraoptic and paraventricular regions were punched out using a needle 1200 and 1400 μm in diameter, respectively. The tissue punches were placed in 200 μL of HCl (0.1 M), sonicated and serially diluted for AVP and nitrate concentration determination. Aliquots of 50 μL of the homogenate were used to measure total protein content by the Bradford colorimetric method.
c-Fos immunohystochemistry
Free floating sections were pretreated with 1% H 2 O 2 in phosphate buffer saline (PBS) for 10 min, non-specific ligations were blocked with 5% normal goat serum during 45 min and incubated overnight at 4°C with rabbit polyclonal anti-Fos antibody (1:4000; SC-52, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in a solution with 1% bovine serum albumin (BSA), 50 μL goat serum and 0.3% Triton X-100 in PBS. After incubation with primary antibody, the sections were incubated with biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA, USA) for 1.5 h, washed in PBS and placed in avidin-biotin immunoperoxidase reagent (ABC kit solution, Vector Labs) for 30 min. To develop the color reaction, 3, 3'-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich) was used as chromogen substrate (0.2% DAB, 30% H 2 O 2 and nickel in 0.05 M Tris buffer). As a control for staining specificity, Fos antibody was omitted on some sections, resulting in the complete absence of immunostaining. Since this antibody also recognizes Fos-related proteins, stained cells are described as Fos-like immunoreactive (FLI). The sections were mounted on gelatin-coated glass slides and the number of FLI cells was counted by an imaging system connected to an optic microscope (Zeiss KS 300, Thornwood, NY, USA).
Mean arterial blood pressure measurement
Twenty four hours before the experiment, the animals were anesthetized (2,2,2-tribromoethanol, i.p.) and had a polyethylene catheter inserted into the femoral artery filled with 0.3% heparin in sterile saline. The free end of the PE-50 catheter segment was exteriorized on the back in the interscapular region. All rats were maintained in individual cages with free access to food and water. On the day of the experiment, the arterial catheter was connected to a pressure transducer (TSD104A) and a unit of data acquisition (MP150 System, BIOPAC Systems Inc., Goleta, CA, USA) to record mean arterial pressure (MAP) and heart rate (HR) of conscious and freely moving rats. The data were converted and analyzed using software AcqKnowledge ® v.3.9.0 (BIOPAC Systems Inc., USA).
Nitrate dosage
Total nitrate was determined using the purge system of Sievers Instruments Nitric Oxide Analyzer (NOA model 280i, Boulder, CO, USA). Plasma and tissue samples were deproteinized using cold absolute ethanol and were injected into a reaction vessel containing vanadium trichloride (VCl 3 ), which converts nitrate to NO. The NO produced was detected as ozone induced by chemiluminescence. Peak NO values of samples were determined using a standard curve established with sodium nitrate solutions of various concentrations (5, 10, 25, 50 and 100 μM).
Blood culture
Cardiac blood was collected into heparinized sterile tubes for culture. Blood and saline-diluted blood (1:10) was plated on CystineLactose-Electrolyte Deficient (CLED) agar and cultured at 35°C under aerobic condition for 48 h. Quantitative culture counts were taken at 24 and 48 h after incubation as the number of colony-forming units per mL (CFU/mL). Blood was also seeded into 1 mL of BHI broth, and at 24 h, 48 h and 7 days post-blood addition platted on CLED agar and cultured at 35°C under aerobic condition for 48 h.
2.9. Experimental protocols 2.9.1. Experimental Protocol 1 -Effect of neonatal LPS exposure on plasma AVP, corticosterone and nitrate levels, and neurohypophysis, supra-optic and paraventricular AVP contents after CLP induction in adulthood
In a first set of experiments, adult rats were submitted to CLP and decapitated at 4, 6 or 24 h after surgery. Blood was collected into chilled, heparinized plastic tubes, and centrifuged for 20 min at 2000 g at 4°C for plasma separation. The plasma was rapidly distributed in multiple aliquots and stored at − 70°C. The brain was removed and the neurohypophysis dissected from the adenohypophysis was collected in plastic tubes containing 50 μL of saline.
The tissue samples were immediately frozen in dry ice and stored at − 70°C.
Experimental Protocol 2 -Effect of neonatal LPS exposure on c-Fos expression in SON and PVN after CLP induction in adulthood
Adult rats, exposed at neonatal period to saline or LPS, were submitted to CLP. They were deeply anesthetized and perfused with 4% paraformaldehyde in 0.1 M PBS at 6 or 24 h after surgery. Brains were dissected out and post-fixed with 4% PFA in 0.1 M PBS for 4 h. Fixed brains were immersed in 30% sucrose in PBS for cryoprotection. Frozen sections (40 μm in thickness) containing both the PVN and SON regions were cut with cryostat (MICROM) and stored until use for Fos immunohystochemistry.
Experimental Protocol 3 -Effect of neonatal LPS exposure on MAP and HR changes after CLP induction in adulthood
For MAP recording, all rats had their femoral arteries cannulated one day before the experiment. After a period of the system stabilization and reduction of stressful conditions basal MAP and HR were determined. The arterial catheter was disconnected and the animals were submitted to CLP surgery (time "zero" hour). During the experiment, MAP and HR measurements were made every 15 min for up to 6 hours (initial phase) and repeated at the following day between the 23 rd and 24th (late phase) after CLP. The results were expressed as deviation from basal MAP and HR values. 
Experimental Protocol 4 -Effect of neonatal LPS exposure on mortality and bacterial count
For mortality rate evaluation, the animals were maintained in undisturbed room and the number of dead animals was registered 24 h after surgery. During this period, animals that presented high suffering were euthanized by means of an anesthetic overdose and did not included in the mortality rate.
For evaluation of bacteremia at 24 h after CLP surgery, rats were deeply anesthetized with 2,2,2-tribromoethanol and blood was collected aseptically by cardiac puncture. The blood was transferred to heparinized sterile plastic tubes, homogenized and maintained frozen before it was serially diluted in sterile saline and platted onto CLED agar and BHI broth.
Statistical analysis
All values are expressed as mean ± SEM. For comparison between two experimental groups, we used two-tailed unpaired Student's t test. The number of animals (n) is specified in Figures or its respective legends. Statistical significance was considered at p b 0.05.
Results
All animals submitted to experimental polymicrobial sepsis by CLP developed the typical early clinical signs of sepsis, including lethargy, piloerection and diarrhea. Sham-operated animals remained active in their cages and showed no alterations in any of these parameters.
Effect of neonatal LPS exposure on hormone levels following CLPinduced sepsis at adulthood
The neonatal exposure to saline or LPS did not change basal plasma concentration of AVP (1.29 ± 0.37 vs. 1.34 ± 0.22 pg/mL) and corticosterone (34.6 ± 15.1 vs. 45.6 ± 18 ng/mL) in Sham-operated groups.
The neonatal saline group submitted to sepsis by CLP showed high levels of plasma AVP at 4 h (5.94 ± 0.47 pg/mL) and 6 h (5.75 ± 0.66 pg/mL), followed by a decrease at 24 h (3.50 ± 0.36 pg/mL) (Fig. 1A) . Despite high level of the neurohypophyseal AVP content at 4 h (618.17 ± 74.96 pg/μg of protein), there was a decrease at 6 h (307.53 ± 32.84) and 24 h (282.14 ± 17.19 pg/μg of total protein) after sepsis induction (Fig. 1B) . Neonatal LPS exposition promoted the maintenance of high AVP plasma levels, showing a significant difference at 24 h after CLP-induced sepsis (5.07 ± 0.56 pg/mL; t (14) = 2.47; p b 0.05) in comparison to saline rats (Fig. 1A) . With respect to neurohypophyseal AVP content, neonatal LPS exposure had no effect when compared to the neonatal saline group (Fig. 1B) .
The neonatal saline-treated rats presented high AVP levels in SON at 4 (4.53 ± 1.57 pg/μg of total protein) and 24 h (4.40 ± 1.62) after CLP, and also a small decrease at 6 h (1.63 ± 1.11 pg/μg of protein) ( Fig. 2A) . In agreement, the AVP content in PVN showed the same response, with lower levels at 6 h (0.73 ± 0.41 pg/μg of protein) after sepsis (Fig. 2B) . In contrast, the nitrate concentration in both hypothalamic areas, SON (27.73 ± 12.43) and PVN (15.11 ± 6.0 nmol/ μg of protein), showed the inverse profile with the highest concentration at 6 h after CLP ( Fig. 2C and D) . The neonatal LPS exposure produced Fig. 2A  and B) . Moreover, tissue nitrate production in the LPS-treated group did not modify their production over time, but they are lower at 6 h after CLP in comparison to saline animals in the SON (11.62 ± 6.77; t (21) = 3.90; p b 0.001) and PVN (6.29 ± 2.45 nmol/μg of protein; t (10) = 8.35; p b 0.001) (Fig. 2C and D) .
As regards plasma corticosterone levels of animals neonatally exposed to saline, progressively declined reaching very low values at 24 h after CLP (8.45 ± 0.72 ng/mL). In animals with neonatal exposure to LPS the septic stimulus decreased the plasma levels of corticosterone at 4 h (257.12 ± 11.44 ng/mL; t (10) = 3.85; p b 0.01) and increased at 24 h (32.34 ± 10.65 ng/mL; t (10) = 2.70; p b 0.05) when compared to the saline group (Fig. 3) .
Effect of neonatal LPS exposure on c-Fos expression in supra-optic and paraventricular nuclei following CLP-induced sepsis at adulthood
The number of FLI neurons in the two studied brain nuclei was rapidly increased 6 h after induction of polymicrobial sepsis, both in rats neonatally exposed to saline and LPS (Figs. 4A and 5A 
Effect of neonatal LPS exposure on cardiovascular parameters and plasma nitrate levels following CLP-induced sepsis at adulthood
Animals neonatally exposed to saline showed a significant decrease in MAP and an increase in HR during the initial (until 6 h) and late (23 to 24 h) phase of CLP-induced sepsis. Septic animals with neonatal exposure to LPS showed significant increase in MAP during the initial phase of sepsis (4 h, 1.48 ± 0.81 vs. −3.98 ± 2.09 mmHg; t (9) = 2.61; p b 0.05) (Fig. 6A) , but HR was not altered in relation to the neonatal saline group (Fig. 6B) .
Plasma nitrate levels of rats neonatally treated with saline increased progressively during the experimental period (4 h, 25.68 ± 1.23; 6 h, 67.73 ± 5.20 and 24 h, 85.73 ± 4.51 μM). Nitrate levels in animals neonatally exposed to LPS also showed a progressive increase at 6 (51.88± 2.53 μM; t (19) = 2.66; p b 0.01) and 24 h (65.25± 4.76 μM; t (14)= 3.10; p b 0.01), but the values were significantly lower than those seen in controls (Fig. 6C) .
The Sham-operation did not change plasma nitrate levels in neonatal saline (6.93 ± 0.29 μM) and LPS-treated rats (6.84 ± 0.13 μM).
Effect of neonatal LPS exposure on mortality and bacteremia following CLP-induced sepsis at adulthood
Neonatal exposure to LPS caused a significant decrease in mortality rate (15.15 vs. 28.95%) (Fig. 7A) . Bacteremia in these animals was reduced compared to the neonatal saline exposure group, showing significantly lower CFU numbers per mL of blood after CLP-induced sepsis (90 ± 53 vs. 2045± 934 CFU/mL; t (9) = 2.88; p b 0.05) (Fig. 7B ).
Discussion
We show in this study that neonatal bacterial LPS exposure results in persistent alterations in neuroendocrine and cardiovascular responses, besides the development of a protective resistance to infection during adult life. A single neonatal LPS administration resulted in long-lasting protection to polymicrobial infection with a significant reduction in mortality rate.
Neuroendocrine alterations
The regulation of AVP release and HPA axis function is closely integrated with the immune system and shows altered functionality during sepsis. A great number of peripheral or centrally synthesized inflammatory mediators, such as ILs, NO, carbon monoxide may reach the hypothalamus and participate in the regulation of vasopressin and corticosterone release [18, 20, 27] .
Our results demonstrated that rats exposed to LPS in neonatal life presented a sustained and higher AVP secretion 24 h following CLPinduced polymicrobial sepsis in comparison to their saline-counterparts. These results are associated with an increased activation of hypothalamic neurons. Additionally, these animals did not show changes in neurohypophyseal hormone content when compared to the saline group, although both groups showed a significant reduction in their AVP content over time. Shanks and collaborators [2] observed that neonatal endotoxin treatment resulted in a significant increase in median eminence AVP levels compared to control rats. Recently, a clinical case of neonatal Escherichia coli meningitis at postnatal day 15 was reported, which resulted to permanent central diabetes insipidus in childhood [28] . Our data and these previous observations suggest that bacterial contact during the neonatal life could modify permanently the regulation of AVP release. Other non-immunological types of neonatal stress, such as repeated brief maternal separations also demonstrated that these animals exhibited increased numbers of AVP-neurons in the magnocellular region of the PVN in adulthood [29] and increased AVP mRNA expression [30] .
Moreover, under 'normal' physiological conditions inducible NO synthase (iNOS) is not detected in the central nervous system [31, 32] , but NO produced in basal conditions seems to exert a tonic inhibition of vasopressinergic neurons [33] [34] [35] [36] . During sepsis, the expression and activation of the iNOS isoform in the brain increases. After central iNOS induction, the enzyme remains active for a period of 4 to 24 h and produces NO in nanomolar concentrations about 100 fold higher than the constitutive NOS [32, 37, 38] , and this may contribute to basal secretion in the late phase of sepsis. Neonatal LPS exposure apparently counteracted this system resulting in lower SON and PVN levels of NO in comparison to saline-treated group. Based on this result, we speculate that the decreased central NO production as a consequence of this treatment, could have contributed to the increased content of AVP in the SON and PVN in the initial phase of sepsis. Moreover, the LPS exposure might also eliminated NO inhibition on AVP synthesis in the both brain nuclei.
Immune system activation during systemic inflammation stimulates the release of cytokines, such as IL-1, -6 and TNF-α, which enhances HPA axis function and leads to increase glucocorticoids levels [39] . The stimulation of glucocorticoid secretion has the important effect of moderating the inflammatory response, protecting the host organism from collapse. In severe sepsis and septic shock patients, it has been reported that cortisol levels are closely correlated to illness severity [27, 40] . Eventually, septic shock patients may present adrenal insufficiency, which has been associated with a worst prognosis and frequently requires adjuvant corticosteroid therapy [41, 42] .
In our septic rats, we observed that plasma corticosterone levels were reduced in the initial phase (4 h after CLP), but remained higher in the late phase (24 h) of sepsis in comparison to the saline treated group. Similarly, Ellis et al. [8] found that corticosterone levels in neonate rats pretreated with LPS was significantly higher in comparison with those injected with saline. In accordance, Shanks et al. [3] observed that two inflammatory stimuli (at postnatal days 3 and 5) in neonates also increased plasma corticosterone levels after a novel LPS administration in adult animals. Neonatal immune challenge was reported to modify corticosterone release only when the same immune stimulus in adults was applied [10] . The possible mechanism involved in corticosterone hyper-secretion and excessive HPA axis stimulation could be explained by the reduction in glucocorticoid receptor binding levels in the hypothalamus, hippocampus and frontal cortex (brain regions involved in HPA negative feedback regulation) of neonatal-endotoxin treated rats [2] . These animals also presented elevated CRH levels in median eminence and higher CRH mRNA expression in the PVN, as well as a decrease in glucocorticoid sensitivity [2] . Taken together, these studies indicate that increased activation of the HPA axis or a decrease in negative feedback, are possible mechanisms underlying the higher corticosterone levels at 24 h after CLP surgery. In addition, it has been reported that corticosteroid therapy in septic patients and experimental animals is extremely important to survival, control of excessive inflammatory response, reduction in the duration of required vasopressor therapy, and hyperesponsiveness to vasopressor agents, such as AVP [27, 41, 43] . On the other hand, our results showing an initial reduction in corticosterone levels at 4 h could be explained as an attenuation of the innate immune response in consequence of the neonatal LPS challenge, which is a significant promoter of HPA activation during systemic inflammation.
Cardiovascular changes in the neonatally LPS-exposure animals after polymicrobial sepsis
Neonatal LPS exposure prevented hypotension in the initial phase of polymicrobial sepsis. In the late phase, however, there was no difference between the two groups. The latter was a surprising result, as we had expected that hypotension recovery would be maintained also in the late phase of sepsis, since AVP and corticosterone plasma levels were significantly higher in this phase. Therefore, these data suggest that blood pressure control in rats neonatally pre-treated with LPS is independent of AVP and corticosterone secretion. During sepsis, the interaction between host and infectious agents causes a systemic response with massive production of inflammatory mediators, such as TNF-α and IL-6, which is positively correlated with HR, and inversely with MAP [44] [45] [46] . Moreover, the neonatal LPS challenges may permanently affect the innate immune system causing, for example, a reduction in the levels of TNF-α and IL-6 [8] , and an increase in IL-10 [9] , possibly due a negative modulation in nuclear factor-κB activation [8] . Besides the direct involvement of these cytokines in cardiac failure and vasorelaxation, they also induce a high production of iNOS-derived NO [13, 20, 32, 37, 47] . In turn, the elevated NO levels in the late phase of sepsis are related to deleterious effects of this syndrome, such as cardiovascular changes [11] [12] [13] 48, 49] . Based on previous report [8] , we expected that neonatal endotoxin treatment would attenuate the release of cytokines in the initial phase of adult polymicrobial sepsis, contributing to the prevention of hypotension. Furthermore, our findings that the neonatally LPS-exposed rats showed reduced plasma nitrate levels indicates that a repressed inflammatory response could directly be involved in the prevention of hypotension induced by polymicrobial sepsis.
4.3. Neonatal LPS exposure affects mortality rate and bacteremia in polymicrobial sepsis at adulthood LPS treatment in neonatal life effectively improved survival rate and reduced bacteremia. This protective pre-adaptation to polymicrobial sepsis in adulthood shown by neonatally LPS-exposed rats could be mediated by suppression in inflammatory response, as observed by Ellis et al. [8] , despite the risk of development of tumoral diseases [50] . Furthermore, administration of sublethal doses of LPS in adult rats before these underwent CLP significantly improved survival by an increase in specific anti-LPS IgM antibodies [51] , a reduction in the cytokine response, improved bacterial clearance, and also increased splenocyte endocytotic activity [52] [53] [54] [55] . Our findings show that a single injection of LPS purified from Gram-negative bacteria in neonatal life was sufficient to provide long-lasting protection against a complex inflammatory process, such as polymicrobial sepsis in adult animals. These observations are of clinical importance, contributing to identify mechanisms involved in such LPS-mediated protection and, as such could be useful to reduce septic shock deaths in intensive care units.
Conclusion
In summary, we suggest that a neonatally given LPS challenge is able to promote beneficial effects in neuroendocrine and cardiovascular responses to polymicrobial sepsis occurring in adulthood.
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